Francisella tularensis is a Gram-negative coccobacillus and is the etiological agent of the 26 disease tularemia. Expression of the cytoplasmic membrane protein RipA is required for 27
INTRODUCTION
IsoVitaleX (Becton-Dickson) and when applicable, 10 μg ml -1 kanamycin (Kan10) for selection. 116
For growth of bacteria for infection or monitoring in vitro growth, strains were propagated in 117
Chamberlain's defined medium (7). Escherichia coli TOP10 (Invitrogen) or DH10b (Invitrogen) 118 were used for cloning purposes. E. coli CC118 or BL21 (DE3)pLysS were used for expression of 119 topology fusion reporter proteins. E. coli was propagated in Luria broth supplemented with 120 ampicillin at 100 μg ml -1 (Amp100) or kanamycin at 50 μg ml -1 (Kan50) as necessary for 121 antibiotic selection. All cultures were grown at 37°C with aeration. 10% fetal bovine serum, and 2 mM L -glutamine. Bone marrow-derived macrophages were 130 generated by flushing C57BL/6 mouse femurs and recovered cells were incubated for 6 days on 131 7
To generate constructs for RipA fusion protein expression, using the Phusion polymerase (New 138
England Biosciences) we PCR-amplified ripA from LVS genomic DNA using primers that 139 introduced XhoI and BamHI restriction sites directly before the start codon and in place of the 140 stop codon of ripA, respectively. For cloning of truncated ripA constructs, the reverse primer 141 introduced a BamHI restriction site at the respective locations in ripA sequence but used the 142 same forward primer. These constructs were first cloned into the pCR-Blunt II TOPO vector 143 (Invitrogen) and subsequently subcloned using BamHI and XhoI restriction digest and ligation 144 into pWaldo-TEV-GFPe and pHA-4 (33) to generate the fusion protein expression constructs. 145
For expression of fusion proteins, the plasmids were transformed into E. coli CC118 (pHA-4) or 146 E. coli BL21 (DE3)pLysS (pGFPe) by electroporation with selection on ampicillin at 100 μg ml -1 
147
(pHA-4) or kanamycin at 50 μg ml -1 (pGFPe). 148
149
The cytoplasmic loop deletions in ripA were generated by gene synthesis of ripA containing the 150 designated nucleotide deletions (corresponding to amino acids 4-47 or 105-151) and linker 151 sequence insertion while maintaining the integrity of the flanking regions (Blue Heron). Each 152 construct was PCR-amplified from the synthesis vector and cloned into the pCR-Blunt II TOPO 153 vector (Invitrogen), verified by DNA sequence analysis, and subsequently subcloned into 154 pMP590 (sacB Kan r ) using the BamHI and NotI restriction sites (27). For allelic exchange, 155 plasmids were electroporated into LVS and integrants were selected on chocolate agar containing 156 kanamycin (10 μg ml -1 ). Kan r strains were grown overnight and plated on 10% sucrose for 157 counterselection (loss of plasmid) (17). Deletions were confirmed by PCR analysis of genomic 158 DNA using primers external to deleted regions. The strategy for generation of the ripA deletion 159 in LVS and for complementation of the ripA deletion has been described (17). 160 8 161
Single amino acid changes in RipA were generated by introducing 1-2 bp changes in the 162 respective codon of the ripA DNA sequence using QuikChange II Site-directed Mutagenesis kit 163 (Stratagene) following the manufacturer's protocol. The plasmid used for mutagenesis was the 164 multi-copy Francisella shuttle vector pKKMCS that expressed ripA under its native promoter 165 and containing both 5' and 3' flanking regions. After DNA sequence confirmation of the 166 mutations within ripA, the plasmids were each transformed into the LVS∆ripA strain by 167 electroporation and selection on chocolate agar Kan10. 168
169
To generate HA-tagged ripA, a fusion construct was made by splice overlap extension (21) with 170 primers that introduced the HA tag in-frame to the C-terminus of the coding sequence of ripA 171 and including a glycine linker sequence between the end of the coding sequence and the HA tag. 172
This construct was sequenced before use and then cloned into pMP590 suicide vector and used 173 for allelic exchange to generate a chromosomally-expressed HA-tagged protein. Clones were 174 screened using one primer specific to the tag and the second specific to sequence on the 175 chromosome. Additionally, this same construct was cloned into pKKMCS to generate a plasmid-176 Overnight cultures of LVS were grown in CDM pH 6.3 and used either for crosslinking or re-212 seeded to grow to mid-log (Klett 150). Each culture was aliquoted into 250-500 μl samples, 213 washed once in 1X PBS, and then resuspended in the same buffer. Crosslinker was added to 214 samples at a final concentration of 0.5% for formaldehyde or 0.5 mM for dithiobis (succinimidyl 215 propionate) (DSP). Samples were incubated at room temperature for 30 minutes. For DSP-216 treated samples, 100 mM Tris-HCl (pH 7.4) was added to quench the reaction. All 217 formaldehyde-treated samples were then washed once in ice-cold 1X PBS and resuspended in 218 200 μl SDS-PAGE loading buffer plus β-mercaptoethanol (βME) and heated at 60°C for 10 219 minutes (to maintain crosslinking) or at 100°C for at least 20 minutes (to cleave crosslinking). 220
All DSP-treated samples were resuspended in SDS-PAGE buffer without βME (to maintain 221 crosslinking) or with βME (to cleave crosslinking) and heated at 100˚C for 10 minutes. All 222 samples were analyzed by SDS-PAGE and Western blotting as described below. 
Statistical analysis 277
For intracellular replication assay data, the differences for total CFU values at the 24 hr time 278 point for each strain was analyzed for significance using the unpaired, two-tailed student's t-test. 279
For IL-1β ELISA data, significance was determined using the repeat measures one-way ANOVA 280 which the fusions were made are highlighted in figure 1A by the orange arrows. C-terminal 310 fusion proteins of DcuB and GlpT, two E. coli proteins that have been identified as having C-311 termini with periplasmic and cytoplasmic locations, respectively, were included as controls (12). 312
The GFP fusion proteins were expressed in BL21 (DE3)pLysS E. coli and PhoA fusion proteins 313 were expressed in phoA -CC118 E. coli. GFP fluorescence or PhoA activity was measured for 314 each construct, and graphed as a ratio of PhoA to GFP ( Figure 1B ). As expected, the control 315 DcuB fusion protein had high PhoA to GFP ratio designating periplasmic location, and the 316 control GlpT fusion protein had a low PhoA to GFP ratio designating a cytoplasmic location. In 317 terms of RipA, fusion proteins for amino acids 1-47, 1-106, and 1-148 had a low PhoA to GFP 318 ratio (i.e. high GFP fluorescence) corresponding to a cytoplasmic location for RipA at amino 319 acids 47, 106, and 148. Constructs for amino acids 1-80 and 1-179 had a higher PhoA to GFP 320 protein expression levels and intracellular growth (Supplemental Figure 1) . Finally, to determine 382 the role of each domain to the ability of RipA to oligomerize, we performed in vivo crosslinking 383 with formaldehyde or DSP as described above, excluding the first deletion mutant, whose protein 384 expression was too low to detect any crosslinking ( Figure 3E ). Unlike LVS, which again 385 displayed several higher molecular weight complexes, no RipA oligomer formation was 386 observed for LVS ripA∆aa105-151, suggesting that the second cytoplasmic domain is required 387 for binding. Together, these data suggest that both cytoplasmic domains, corresponding to amino 388 proteins are found only in individual strains of a given species, which seem to be randomly 396 distributed across Prokaryotes (Table S1 ). Thirteen amino acids are identical or highly conserved 397 among the 15 RipA-like proteins with E-values less than 10 were made at each amino acid. The substitution mutations were again generated using site-421 directed mutagenesis and the mutants assessed for intracellular replication ( Figure 5A, B) and 422 induction of IL-1β secretion ( Figure 5C ). For conservative changes, E122D and E150D, each 423 mutant trans-complemented the LVS∆ripA phenotype, whereas the respective charge reversal 424 substitution mutants, E122R and E150R, did not. These data not only confirm a role of E122 and 425 E150 in RipA function, they suggest that the charge at these sites is also important. For K114R, 426 the conservative change mutant, an intermediate phenotype was observed, or partial trans-427 complementation. For K114E, the charge reversal mutant, there was no trans-complementation 428 observed. Based on these data, we conclude that K114 is important for RipA function, but cannot 429 determine whether the charge is responsible for its function. To verify that each mutant was 430 expressed in the cytoplasmic membrane, protein expression was determined via membrane 431 fractionations and Western blot using anti-RipAaa1-19 as described above ( Figure 5D ). Lastly, 432 crosslinking experiments were performed with K114A, E122A, and E150A to determine whether 433 any of these amino acids were required for RipA oligomerization ( Figure 5E, 6D) . E150A with an additional V39A change, which was designated E150A/V39A. Assays for 447 intracellular replication (Figures 6A, B) and also for IL-1β secretion ( Figure 6C ) revealed that 448 this mutant trans-complemented LVS∆ripA, suggesting that this new mutation was an intragenic 449 suppressor. To confirm that the phenotype was the result of the intragenic mutation, and not the 450 result of an extragenic mutation, the plasmid containing RipA E150A/V39A was isolated and re-451 transformed into LVS∆ripA three independent times. Each of these new E150A/V39A 452 transformants was assayed for intracellular replication and for IL-1β secretion and displayed the 453 same phenotype as the original suppressor mutant, confirming that the V39A substitution was 454 responsible for trans-complementation. After formaldehyde crosslinking, the E150A/V39A 455 mutant also displayed the same higher MW bands as wild-type and E150A, suggesting that this 456 trans-complementation was not a result of altered oligomeric complex formation ( Figure 6D 
